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rPERIMENTAL INVESTIGATION I N  AN ALTITUDE TEST FACILITY OF BURNING 

OF EXCESS COMBUSTIBUS LN A ROCKET ENGINE EXHAUST 

By Harry E .  Bloomer, Paul E .  Renas, and Robert J. Ant1 

SUMMARY 

An invest igat ion was made i n  an a l t i t u d e  tes t  chamber t o  determine 
methods of burning the  excess f u e l  in the exhaust of a rocket engine. 
A 333-pound-thrust rocket engine, which used Jp-4 f u e l  and gaseous oxy- 
gen as propel lants  w a s  employed. Four afterburning configurations using 
bypass a i r  as t h e  oxidant and one using gaseous oxygen were t r i ed .  G a s  
samples were obtained from the  rocket exhaust over t he  following ranges 
of var iables:  a l t i t u d e  pressure,  1 t o  10 pounds per  square inch; and 

rl t rocket oxidant-fuel r a t i o ,  1.80 t o  3.20. 

Results of t he  invest igat ion show t h a t  combustibles can be burned 
over t h e  range of var iables  covered, within a length of 38 rocket nozzle 

b ien t  pressure becomes higher, ( 2 )  excess air o r  oxygen (beyond air 
s toichiometr ic)  i s  added, (3)  more length i s  allowed f o r  combustion, 
and/or ( 4 )  t h e  a i r  or oxygen i s  directed i n t o  t h e  rocket exhaust r a the r  
than mixing unassis ted.  

t’ e x i t  diameters.  Burning these combustibles becomes eas i e r  as: (1) am- 

INTRODUCTION 

In  t h e  pas t ,  p r a c t i c a l l y  a l l  rocket engine research has been con- 
ducted i n  s t a t i c  t e s t  c e l l s  o r  by ac tua l  f i r i n g  of a vehicle .  However, 
some phases of research require the  use of closed a l t i t u d e  tes t  f a c i l i -  
t i e s  in  which t h e  exhaust gases a re  pumped t o  atmospheric pressure.  
Since maximum impulse f o r  most propellants occurs with excess f u e l  mix- 
t u re s  ( i  .e. ,  above s toichiometr ic) ,  a question of s a fe ty  a r i s e s  because 
of t he  po ten t i a l ly  explosive nature of t he  exhaust products. 

Therefore, an invest igat ion has been made i n  an a l t i t u d e  tes t  cham- 
ber  a t  t h e  Lewis Research Center t o  determine methods by which t h e  ex- 
plosive p o t e n t i a l  of t h e  exhaust gases could be eliminated. The methods 
invest igated consisted of control led burning of t he  excess f u e l  f r ac t ion  
as t h e  exhaust gases were discharged from t h e  rocket .  J 
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A 333-pound-thrust rocket engine which u t i l i z e d  Jp-4 f u e l  and gas- 
eous oxygen as propel lants  was  used i n  t h e  invest igat ion i n  an attempt 
t o  burn t h e  combustible products i n  the  exhaust of t h e  rocket .  Four 
af terburner  configclrations using bypass air  as t h e  oxidant and one using 
gaseous oxygen were employed. Because i n  some i n s t a l l a t i o n s  an e j ec to r  
with no secondary flow may be used t o  extend the  a l t i t u d e  c a p a b i l i t i e s  
of t e s t  chambers, these  same af terburner  configurations were used behind 
a representat ive e j e c t o r .  The ranges of conditions include a va r i a t ion  
i n  a l t i t u d e  pressure from 10 t o  1 pound per  square inch corresponding to 
a l t i t u d e  va r i a t ion  from 10,000 t o  60,000 feet .  
w a s  varied from 1.80 t o  3.20 (s toichiometr ic  i s  3.41) a t  a chamber pres- 
sure  of approximately 200 pounds per  square inch. 

The oxidant-fuel r a t i o  

APPARATUS 

Engine 

Aphotograph of t h e  rocket engine i s  presented i n  f igu re  1. The 
engine w a s  r u n  a t  a chamber pressure of 200 pounds per  square inch and 
had a th roa t  diameter of 1.20 inches.  The exhaust nozzle had an a rea  
r a t i o  of approximately 8.5 and am expansion half-angle of 15’. 
gine was cooled by means of t h ree  s p i r a l  passages, which were manifolded 
at  the  nozzle e x i t  and i n j e c t o r  ends of t he  engine. 
manifold w a s  supplied with about 50 gallons per  minute of water a t  high 
pressure, and the  o u t l e t  manifold w a s  drained t o  the  sewer. The injec-  
t o r  was made of copper and featured l ike-on-l ike impinging-jet o r i f i c e s  
f o r  the f u e l  and showerhead o r i f i c e s  f o r  t he  gaseous oxygen. Fuel w a s  
supplied t o  t he  in j ec to r  by means of high-pressure pumps. The gaseous 
oxygen w a s  supplied from a l a rge  nmiber of b o t t l e s  which were manifolded 
together and were i n i t i a l l y  pressurized t o  2300 pounds per  square inch. 

The en- 

The nozzle e x i t  

L 

Y 

F a c i l i t y  

A schematic drawing of t h e  rocket engine i n s t a l l e d  i n  the  a l t i t u d e  
tes t  chamber is  presented i n  f igu re  2 .  
ta ined by the  f a c i l i t y  exhaust system, while engine bypass a i r  w a s  sup- 
p l i ed  as required through the  combustion air  system. 
water-cooled sect ions of pipe (18 in .  i n  d i m . )  were used i n  t h e  chamber 
t h a t  contained t h e  rocket exhaust. 

Alt i tude pressures were main- 

Five 2-foot-long 

A water spray w a s  used t o  fu r the r  i n e r t  t h e  exhaust gases a f t e r  
they were burned. For  t he  no-secondary-flow e j ec to r ,  a 6-inch-diameter 
water-cooled pipe,  4 f e e t  long, formed the  e j e c t o r  tube.  The rocket ex- 
hausted d i r e c t l y  in to  t h i s  and thence in to  t h e  18-inch-diameter sec t ions  
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Rocket Exhaust Burning Configurations 

.' 

The configurations employed t o  burn the  exhaust gases are shown i n  
f igu re  3. 
ve loc i ty  rocket exhaust and the  low-velocity secondary stream. Config- 
ura t ion  I1 w a s  designed t o  de f l ec t  t h e  secondary stream i n t o  the  rocket 
exhaust. 
ve loc i ty  normal t o  the  d i r ec t ion  of the rocket exhaust. Configuration 
V u t i l i z e d  oxygen instead of a i r  as the secondary stream. 
ura t ions  I, 11, and I11 were used with t h e  rocket-ejector combination, 
t h e  nomenclature was changed t o  IE, IIE, and IIIE, respect ively.  A 
photograph of configuration 111 is  shown i n  f igure  4 .  

Configuration I ( f i g .  2 )  depended on mixing between the  high- 

Configurations I11 and I V  were designed t o  i n j e c t  air  a t  sonic 

When config- 

I n s t  rumentat ion 

Transient instrumentation was  provided so t h a t  rocket engine param- 
e t e r s  could be monitored. Conventional manometer boards were used t o  
measure pressures i n  t h e  bypass a i r  system and in the  exhaust duct down- 
stream of t h e  rocket .  Temperatures were measured on a f l i g h t  recorder.  

Sampling and ana lys i s  of the  gases were accomplished i n  two ways. 
One method employed a helium leak detector  working on t h e  mass- 
spectrometer pr inc ip le ,  which had been modified t o  detect  t h e  presence 
of hydrogen. 
i n  glass  b o t t l e s  (schematic drawing shown i n  f i g .  5 ) .  The samples were 
then analyzed by laboratory techniques using gas chromatography appara- 
t u s .  The samples were obtained from single  t o t a l  probes loca ted  on the  
cen te r l ine  of t h e  exhaust chamber pipe and from in tegra t ing  t o t a l  probes 
which had openings from the  center l ine  t o  the  inside surface of the  pipe.  

The second method consisted of ac tua l ly  co l l ec t ing  samples 

PROCEDURF: 

After  proper a l t i t u d e  pressure and bypass a i r f low were set i n  t h e  

An i n i t i a l  flow of gaseous 
tes t  f a c i l i t y ,  a time sequencing system w a s  employed t o  cont ro l  t he  
events of t h e  rocket f i r i n g  automatically. 
hydrogen and oxygen was igni ted  by a torch located a t  the  l i p  of t h e  
rocket exhaust nozzle.  The main propellant flow w a s  then introduced. 
One second before t h e  termination of the f i r i n g ,  a solenoid t r ipped  t h e  
camera which photographed the  manometer boards and stopped t h e  gas s a -  
p l ing  process by ac tua t ing  t h e  pinchers ( f i g .  5 ) .  

The f l i g h t  recorder,  which measured temperature, was allowed t o  re- 
cycle during t h e  f i r i n g  time and was turned on and off  manually. 
readings were manually recorded t o  provide a check on the  t r a n s i e n t  data 
r e s u l t s .  

Some 
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RESULTS AND DISCUSSION 

Basis f o r  In te rpre ta t ion  of Sampling Results 

L 

The main exhaust products of JP-4 f u e l  and oxygen are carbon mon- 
oxide, carbon dioxide, water, and hydrogen, of which t h e  only combusti- 
b l e s  are hydrogen and carbon monoxide. Mixtures of a i r  which contain 
more than 4 and l e s s  than 72 percent hydrogen by volume a r e  flammable. 
Mixtures of a i r  which contain more than 13.5 and less than 72 percent 
carbon monoxide by volume a r e  flammable. These da ta  have been obtained 
from reference 1. 

Y 
a 
0 w 

The t h e o r e t i c a l  var ia t ion  of t h e  amounts of hydrogen and carbon 
monoxide i n  t h e  rocket exhaust as a function of gas temperature and 
oxygen-fuel r a t i o  i s  presented i n  f igure  6. These r e s u l t s  have been 
obtained from references 2 and 3. It should be noticed t h a t  t h e  per- 
cent by volume of the combustibles for equilibrium expansion changes 
very l i t t l e  with temperature a t  low values of oxidant-fuel r a t i o  (O/F). 
If frozen expansion i s  assumed, of course no var ia t ion  occurs. The s ig-  
nificance of t h i s  i s  t h a t  t h e  sample composition could change only a 
few percent by t h e  time it is  analyzed. 

Since t h e  gas samples were col lected i n  water-cooled t o t a l  probes 
and allowed t o  stand a t  room temperature i n  sample b o t t l e s  u n t i l  ana- 
lyzed, t h e  composition reported w a s  undoubtedly changed somewhat from 
t h e  instantaneous values ex is t ing  at  the rocket nozzle e x i t ,  but would 
probably c lose ly  simulate the  volume of combustibles i n  t h e  cooled ex- 
haust gases in a rocket t e s t  f a c i l i t y .  Single t o t a l  sample probes, l o -  
cated on t h e  center l ine  of t h e  exhaust chamber pipe, were used f o r  t h e  
data presented in t h i s  repor t .  Integrating-type probes were a l s o  em- 
ployed, but  t h e  r e s u l t s  were not consis tent ,  since t h e  outs ide unmixed 
l a y e r  of air d i lu ted  the  combustibles i n  t h e  sample a t  the s t a t i o n  near- 
est the rocket nozzle e x i t  more than at t h e  extreme downstream s t a t i o n .  

? 

Sampling Results with Configurations I t o  V 

Establishment of t i m e  constant for sampling systems. - Using t h e  
bas ic  configuration (I), t h e  length of rocket run required t o  purge 
t h e  system and thereby obtain consis tent  sampling data w a s  invest igated.  
The resu l t s  a r e  presented in  figure 7 .  
percent by volume are presented as a function of rocket run time f o r  
t h e  t w o  sampling dis tance extremes. Rocket oxidant-fuel r a t i o ,  exhaust 
chamber pressure,  and bypass a i r  remained constant.  

Therefore, a run time of 28 seconds w a s  standardized f o r  the  remainder 
of t h e  invest igat ion.  

The amounts of combustibles in  

The percent of com- 
bust ibles  i n  the  samples became s t a b i l i z e d  after run times of 25  seconds. # 

* 
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Effect  of bypass a i r f low variat ion.  - The var ia t ion of amount of 
combustibles i n  gas samples with bypass a i r f low using Configuration I 
i s  presented i n  f igure  8 .  Rocket oxidant-fuel r a t i o ,  ambient pressure 
i n  t h e  exhaust chamber, and sampling distance were held constant.  The 
bypass flow required t o  burn t h e  exhaust products stoichiometrically i s  
3.12 pounds per second. This appears adequate t o  eliminate most of the  
combustibles. A s  expected, the  amount of combustibles increases sharply 
as t h e  bypass airf low i s  reduced below t h i s  amount. 

Effect  of exhaust chamber pressure var ia t ion .  - The var ia t ion  of 
the  amount of combustibles in  the  exhaust samples w i t h  exhaust chamber 
pressure using configuration I i s  presented i n  f igure  9.  Rocket oxidant- 
f u e l  r a t i o  and bypass a i r f low were held constant.  
l ec ted  at  distances 6 and 10 f e e t  downstream of the rocket exhaust noz- 
z l e .  The amounts of combustibles increased as the  exhaust chamber am- 
bient  pressure was lowered. The e f fec ts  a t  6 f e e t  downstream of t h e  
rocket nozzle are much more pronounced t h a t  a t  10 f e e t .  
required t o  burn the  combustibles at  low pressure.  

G a s  samples were col- 

More length i s  

Effect  of rocket oxidant-fuel r a t i o  var ia t ion .  - The var ia t ion  of 
the  amount of combustibles i n  the gas samples with rocket oxidant-fuel 
r a t i o  i s  presented i n  figures l O ( a )  t o  ( h ) .  The amount of bypass air- 
f l o w  w a s  varied w i t h  oxidant-fuel r a t i o  t o  provide an a i r  stoichiometric 
mixture with the  excess f u e l ,  and the exhaust chamber ambient pressure 
remained approximately constant a t  2 . 4  pounds per  square inch absolute. 
Percent excess f u e l  i s  defined as the unburned f u e l  in  the propellant 
divided by the  amount of f u e l  i n  t h e  propellant a t  a stoichiometric 
mixture (and multiplied by 100). A s  the amounts of excess f u e l  in- 
creased, the  amounts of combustibles i n  the  gas samples became l a r g e r .  
A s  the  distance of the  sample probes behind t h e  rocket nozzle became 
longer, the amounts of combustibles decreased. 

Configurations 11, 111, and IV were designed t o  d i r e c t  the  bypass 
a i r f low (and configuration V, the  oxygen) i n t o  t h e  rocket exhaust t o  
promote mixing and more e f f i c i e n t  combustion and thereby decrease t h e  
amount of combustibles. Since these configurations added 1 foot  t o  t h e  
length of the  exhaust chamber and therefore  t o  t h e  sampling distances,  
the  data f o r  t h e  o r i g i n a l  configuration must be interpolated i n  order 
t o  compare it with t h e  others .  

A comparison of the  sampling r e s u l t s  a t  t h e  s t a t i o n  11 f e e t  down- 
stream would show no outstanding configuration, since very small amounts 
of combustibles e x i s t .  Therefore, 11 f e e t  (which corresponds t o  38 noz- 
z l e  e x i t  diameters) appears adequate t o  eliminate most of the  combusti- 
b l e s .  However, a comparison of t h e  r e s u l t s  a t  the  s t a t i o n  7 f e e t  down- 
stream shows qui te  a difference i n  the performance of t h e  configurations.  
For example, configuration I ( f i g .  l O ( a ) )  shows about 8 .5  percent hydro- 
gen and 1 6  percent carbon monoxide i n  the  samples a t  the  7-foot s t a t i o n  
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at 80 percent excess f u e l .  None of the  o ther  configurations show that  L 
much, and r e s u l t s  f o r  t h e  rad ia l -a i r - in jec t ion  configuration (configura- 

t i o n  111) are outstanding. 

monoxide exis ted i n  those samples ( f i g .  l O ( c ) ) .  

1 
2 

Only 1 percent hydrogen and 2- percent carbon 

The normal in jec t ion  configuration (configuration V, using gaseous 
oxygen) shows t h a t  the  same job can be done with only 23  percent of the 
air mass flow. With tes t  f a c i l i t y  exhauster capacity a primary consid- 
erat ion,  t h i s  i s  an important po in t .  

r 
0, 
0 w 

Results w i t h  No-Flow Ejector  Attached t o  Rocket Exhaust 

Nozzle (Configurations I E  t o  I I I E )  

Figure 10(f)  presents  the  r e s u l t s  of t h e  unassisted-secondary-air- 
mixing configuration ( I E ) .  The sampling s t a t i o n s  2 and 4 f e e t  down- 
stream of t h e  rocket nozzle e x i t  were eliminated by t h e  e jec tor ,  and the  
other  three s ta t ions  were located 2 ,  4, and 6 f e e t  downstream of t h e  
e j e c t o r  e x i t .  

It should be noted that the  amounts of combustibles are higher than 
for t h e  preceding configuations at  t h e  same distance downstream of t h e  
rocket nozzle e x i t  because less mixing length i s  provided. The r e s u l t s  
from configurations I I E  and I I IE  are presented i n  f igures  lO(g) and (h)  . 
The dashed l i n e  interpolated f o r  a dis tance of 6 f e e t  downstream of t h e  
rocket nozzle e x i t  enables d i r e c t  comparison of t h e  data. Again, the  ad- 
vantage t o  be gained by d i rec t ing  t h e  bypass a i r f low in to  t h e  rocket ex- 
haust can be noted. 
about 3 percent hydrogen and 10 percent carbon monoxide i n  t h e  samples 
at t h e  s t a t i o n  6 f e e t  downstream of the  rocket nozzle e x i t  at  80 percent 
excess f u e l  ( f i g .  1 0 ( f ) ) .  

1 about 2 percent hydrogen and 7- percent carbon monoxide at t h i s  same 2 
condition ( f i g  . 10( g )  ) , while t h e  rad ia l -a i r - in  jec t ion  configuration 
(IIIE) shows only 1 and 5 percent,  respect ively ( f i g .  1 0 ( h ) ) .  

L' 

The unassisted-mixing configuration (IE) shows 

The air-def lect ion configuration ( I I E )  shows 

SUMMARY OF RESULTS 

An invest igat ion made i n  an a l t i t u d e  test  chamber t o  determine 
methods of burning t h e  excess f u e l  i n  the  exhaust of a rocket engine 
yielded t h e  following r e s u l t s :  

1. Combustibles in a rocket exhaust can be burned (and explosive 
hazards eliminated) by adding suf f ic ien t  a i r  or oxygen t o  make a s t o i -  
chiometric mixture w i t h  the  excess f u e l  within t h e  range of var iables  
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I 

r' 

c 

covered by t h i s  invest igat ion.  The minimum ambient 
t e d  was 1 pound per square inch; the maximum length 

pressure investiga- 
f o r  burning provided 

i n  t h i s  invest igat ion w a s  approximately 38 rocket nozzle e x i t  diameters. 
These conditions appear adequate for  eliminating most of t h e  combustibles. 

2 .  The problem of burning these combustibles becomes e a s i e r  as (1) 
ambient pressure becomes higher, ( 2 )  excess a i r  o r  oxygen (beyond a i r  
stoichiometric) i s  added, ( 3 )  more length i s  allowed for combustion, 
and/or (4 )  t h e  air  or oxygen i s  directed i n t o  t h e  rocket exhaust r a t h e r  
than mixing unassisted.  

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, September 14, 1959 
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Configuration I1 
Secondary air deflection 

Configuration I11 

Radial injection 

a Configurations IV and V 

Normal injection on nne diameter 
Pl 

Air or oxygen injection 
normal to rocket exhaust 

(a) Rocket discharging dtrectly into exhaust duct. 

Figure 3. - Afterburner configurations. 
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Cmfigura t ion  I E  
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4 

M 
0 
W 
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u’onfiguration IIE 

Configurat ion I I I E  

(b )  Rocket d i scharg inz  into e j e c t o r .  

F igure  3. - Concluded. Afterburner conf igura t ions  
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Sequence of events during sampling of gases 

!J 

c 

(1) 

( 2 )  

( 3 )  
( 4 )  

During rocket run gases are continually 
pulled through system. 
During last second of rocket run, pinchers 
trap sample. 
All manually operated valves are closed. 
Bottom valve of sample bottle is opened, 
the Tercury container is raised, dnd mercury 
displacement of the volume of sample in this 
lower bottle brings the pressure of the gas 
to ambient. 

(Arrows indicate 

e.”- Mercury containers 

? 

From probes 

/TO gas analyzer 

Service-air-operated 
pinchers I 

/ T o  altitude 
exhaust 

& Vacuum pump 

- 
Figure 5. - Schematic drawing of gas sampling system. 

. 
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(b) Amount of carbon nonoxide. 

Figure 6 .  - Varia t ion  of t h e o r e t i c a l  composition of' exhaust gases a t  d i f f e r e n t  
temperatures and oxidant - fue l  r a t i o s .  
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0 
CD 
I w 

I I I I I I I I 
T h e o r e t i c a l  amount of carbon 

x 
9 

-. 
m 
a, 

Combustible i n  Dis tance  from 
gas  sample rocke t  nozz le ,  

f t  

0 Hydrogen 
0 Carbon monoxide 
0 Hydrogen 

Carbon monoxide 

2 

10 

5 10 15 20 25 30 0 
Rocket r u n  t i n e ,  see  

F igure  7 .  - Method of det,errnining t i n e  cons t an t  o f  sampling 
system. Rocket ox idan t - fue l  r a t i o ,  1.85; exhaust chamber 
p re s su re ,  330 pounds p e r  square f o o t  abso lu t e ;  bypass a i r -  
flow, 2.3  pounds pe r  second. 
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G 1 2 3 4 5 6 
Bypass a i r f l o w ,  lb / sec  

45 I I I I I 1 I 
T h e o r e t i c a l  amount o f  carbon 

r o c k e t  exhaus t  gases  of  f r o z e n  
+monoxide p r e s e n t  i n  u n d i l u t e d  
\ 
'i composi t ion 

40 ' 1 

1 P C  r--- 
wi th  bypass a i r f l o w .  Xocket o x i d a n t - f u e l  r a t i o ,  1.85; a m -  
b i e n t  p re s su re ,  approximately 350 pounds per square  f o o t  
abso lu t e ;  r o c k e t  p r o p e l l a n t  flow, a?proximately 1.35 pounds 
pe r  second. Samples t aken  10 f ee t  downstream of  rocke t  
nozz le .  
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( a )  Configuration I .  

Figure 10. - Effect  of rocket  propel lan t  mixture on concentrat ion of combustibles i n  exhaust a t  d i f f e r e n t  
sampling s t a t i o n s .  Average ambient pressure,  350 pounds per  squbre f o o t  absolu te .  Bypass a i r f l o w  metered 
t o  supply exact  amount required t o  burn  combustibles s to ich iometr ica l ly  a t  each rocket  propel lan t  mixture. 
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( b )  Conf igura t ion  11. 

F i g u r e  10 .  - Continued. E f f e c t  of r o c k e t  p r o p e l l a n t  mix ture  on c o n c e n t r a t i o n  of  combust ib les  i n  
exhaus t  a t  d i f f e r e n t  sampling s t a t i o n s .  
a b s o l u t e .  
m e t r i c a l l y  a t  each r o c k e t  p r o p e l l a n t  m i x t u r e .  

Average ambient p r e s s u r e ,  350 pounds p e r  s q u a r e  f o o t  
Bypass a i r f l o w  metered t o  supply  exac t  amount r e q u i r e d  t o  b u r n  combust ib les  s t o i c h i o -  
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( d )  Conf igura t ion  IV. 

F i g u r e  10. - Continued. E f f e c t  of r o c k e t  p r o p e l l a n t  mix ture  on c o n c e n t r a t i o n  of  combust ib les  i n  
e x h a u s t  a t  d i f f e r e n t  sampling s t a t i o n s .  
a b s o l u t e .  
m e t r i c a l l y  a t  each  r o c k e t  p r o p e l l a n t  m i x t u r e .  

Average ambient  p r e s s u r e ,  350 pounds p e r  s q u a r e  f o o t  
Bypass a i r f l o w  metered t o  supply  exact amount r e q u i r e d  t o  burn  combust ib les  s t o i c h i o -  
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Figure 10. - Continued. Effect  of rocket  propel lan t  mixture GI? concentrat ion o f  combustibles in exhaust 
a t  d i f f e r e n t  sampling s t a t i o n s .  
a i r f low metered t o  supply exact  amount required t3  burn combustibles sso ich iometr ica l ly  a t  Ra.4 rocket  
propel lant  mixture. 
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F i g u r e  10. - Cont.inued. E f f e c t  of r o c k e t  p r o p e l l a n t  m i x t u r e  on c o n c e n t r a t i o n  of c o m b u s t i b l e s  i n  
e x h a u s t  a t  d i f f e r e n t  sampl ing  s t a t i o n s .  
a b s o l u t e .  
m e t r i c a l l y  a t  each r o c k e t  p r o p e l l a n t  mix tu re .  

Average ambient p r e s s u r e ,  350 pounds p e r  squa re  f o o t  
Bypass a i r f l o w  metered t o  supply  exac t  amount r e q u i r e d  t o  b u r n  c o m b u s t i b l e s  s t o i c h i o -  
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F igu re  10. - Cont inued .  E f f e c t  o f  r o c k e t  p r o p e l l a n t  m i x t u r e  on c o n c e n t r a t i o n  o f  c o m b u s t i b l e s  i n  
exhaus t  a t  d i f f e r e n t  sampl ing  s t a t i o n s .  Average ambient  p r e s s u r e ,  350 pounds p e r  s q u a r e  f o o t  
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Figure 10.  - Concluded. E f fec t  of rocket  p rope l l an t  mixture on concentrat ion of co-nbustihles i n  exhaust 
a t  d i f f e r e n t  sampling s t a t i o n s .  
a i r f low metered t o  supply exact amsunt required t o  burn combustibles s to i ch iomet r i ca l ly  a t  each rocket  
p rope l l an t  mixture. 
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